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REPORT SUMMARY

Revisions to the radiation protection standards contained in Title 10, Part 20 of the Code
of Federal Regulations require nuclear power plants to assess a worker's "effective dose
equivalent” (EDE). This report is a concise summary of EPRI's EDE research and presents
some simple guidelines on how the EDE methodology can be implemented at nuclear
power plants.

Background

In 1977, to account for human organ and tissue differences, the International
Commission on Radiological Protection (ICRP) proposed specific organ radiation
exposure weighting factors—in essence, risk-based radiation dose limits. These and
other aspects of the ICRP recommendations were adopted in revisions made in 1991 to
10 CER 20. The regulations require licensees to evaluate EDE using the very
conservative assumption that the weighting factor for external exposure is one.
However, the regulations allow licensees to propose alternative methods for evaluating
the external radiation component of effective dose equivalent.

Objectives

¢ To describe EPRI's effective dose equivalent research

* To explain EPRI's methodology for assessing effective dose equivalent

¢ To present some simple guidelines illustrating how the methodology could be
used at nuclear power plants

Approach

Researchers performed Monte Carlo calculations of photon transport through the
human body. They used mathematical models of the human adult male and female
and, for a variety of external radiation sources, calculated energy deposition in a large
number of human organs and tissues. Using published organ weighting factors, they
calculated effective dose equivalents for these irradiations. They determined how EDE
varies with photon energy for various beam source geometries and for point sources
both on and off the body. Calculations were made of photon energy fluence on the
surface of the body as a function of location, source geometry, and photon energy.
These results allowed researchers to understand how dosimeter placement effects EDE
assessments.



Resuits

Research showed that for beam sources, beams striking the front of the body normal to
the body's major axis (i.e., straight on) produce the largest effective dose equivalent.
The next highest effective dose equivalent are produced by beams striking the rear of
the torso, again normal to the body's major axis. Effective dose equivalent falls
significantly if the incident radiation departs from these two orientations. For point
sources in contact with the body, the effective dose equivalent is highest for females
when the source is on the front of the torso near the sternum. For males, it is highest
when the source is on the front of the torso near the gonads. The widespread practice of
supplementing a single front-worn dosimeter with additional dosimeters placed facing
a radiation source should be abandoned, as this can significantly overestimate EDE.
Using a single front-worn dosimeter as a measure of EDE is acceptable. Simple
algorithms applied to two dosimeters (on the front and back) yield an accurate and
numerically lower EDE under most all radiation exposure situations.

EPRI Perspective

EPRI's EDE research showed that external effective dose equivalent should be
evaluated using the organ weighting factors allowed for internal exposures and that
doing so would not underestimate external EDE. EPRI believes its EDE methodology is
an acceptable alternative method for assessing EDE from occupational radiation
exposure. .

Considerable benefits can be derived by U.S. nuclear utilities if they develop a
technically rigorous approach for determining effective dose equivalents for their
workforces. Their approach should be generally conservative, be acceptable to

. regulatory agencies, and be consistent with existing dosimetry practices. This
methodology appears to meet these criteria.

TR-109446
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ABSTRACT

Title 10 Part 20 of the Code of Federal regulations requires that nuclear power plant
licensees evaluate worker radiation exposure using a risk-based methodology termed
the “effective dose equivalent” (EDE). EDE is a measure of radiation exposure that
represents an individual’s risk of stochastic injury from their exposure.

EPRI’s has conducted research into how photons interact with the body. These results
have been coupled with information on how the body’s organs differ in their
susceptibility to radiation injury, to produce a methodology for assessing the effective
dose equivalent. The research and the resultant methodology have been described in
numerous technical reports, scientific journal articles, and technical meetings.

EPRI is working with the Nuclear Energy Institute to have the EPRI effective dose
equivalent methodology accepted by the Nuclear Regulatory Commission for use at
U.S. nuclear power plants. In order to further familiarize power plant personnel with
the methodology, this report summarizes the EDE research and presents some simple
guidelines for its implementing the methodology.
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INTRODUCTION

Revisions effective in 1994 to Title 10 Part 20 of the Code of Federal Regulations require
licensees to evaluate worker radiation exposure using a risk-based methodology
termed effective dose equivalent (EDE or H,). EDE takes into account the variations in
sensitivity to radiation of particular organs of the body by assigning radiation effects
weighting factors to them, and then summing the weighted radiation exposures over
certain organs and tissues. The resulting value is a measure of radiation dose that is
proportional to the estimated risk.

This document provides EDE implementation guidelines to nuclear industry personnel.
In particular, it explains how to accurately determine a worker’s external EDE from
radiation exposure measured by his or her dosimeter(s). These EDE assessments are
valid for a very broad range of photon radiation sources (x-rays and gamma rays) and
nuclear power plant exposure situations.

The EDE methodology described is based on research conducted by the Electric Power
Research Institute (Palo Alto, CA).”* The criteria for applying the methodology are
presented, and the algorithms that can be applied to dosimeter measurements to yield
the EDE are explained. Limitations or restrictions on the methodology are clearly
stated.

Adopting this EDE methodology will support more effective personnel monitoring
through:

 less conservative assessment of dose from radiation exposure

 eliminating the practice of using multiple dosimeters to account for non-uniform
radiation fields

 limiting the practice of repositioning dosimeters on the body based on the radiation
source location

« providing a technically sound basis for optimizing worker protection practices

1-1
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BACKGROUND

This section reviews the origin of EDE, describes the current way EDE regulations are
implemented, and summarizes the EPRI EDE research program and results.

2.1 Origin and Basis of Effective Dose Equivalent

The concept of risk-based dose limits was introduced in a 1977 publication by the

International Commission on Radiological Protection (ICRP).# The ICRP recommended
that exposure limits for stochastic effects be based on the sum of the risks to individual
organs (or tissues) of the body. They also specified the weighting factors to be applied
to individual organ doses to account for differences in cellular radio-sensitivity,
variations in susceptibility to stochastic effects, and variations in the treatability and
lethality of different cancers. This approach has the advantage that as radiation effects
knowledge improves, weighting factors can be periodically updated.

The ICRP recommendations for organ and tissue weighting factors (see Table 1) were

adopted when the radiation protection standards of 10 CFR 20 were revised in 19912
The revised regulations require that total effective dose equivalent be calculated by
summing the external and internal components. The external component (herein called
effective dose equivalent or EDE) is from radiation sources external to the body. The
internal component (called committed effective dose equivalent) is from radiation
ingested, absorbed, or respired.
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Table 2-1
Organ Dose Weighting Factors

Organ or Tissue Weighting Factor
Gonads 0.25
Breast 0.15
Lung 0.12
Red Bone Marrow 0.12
Thyroid C.03
Bone Surfaces 0.03
Remainder 0.30

2.2 Current Regulatory Framework

As noted above, the Nuclear Regulatory Commission (NRC) incorporated the effective
dose equivalent concept as part of the 1991 revision to 10 CFR Part 20. In promulgating
these standards, the NRC stated “the revision conforms to the Presidential Radiation
Protection Guidance to Federal Agencies for Occupational Exposure and to
recommendations of national and international radiation protection organizations” (i.e.,
the NCRP and ICRP). The Presidential Guidance® (issued in 1987) adopted the effective
dose equivalent as reflected in ICRP Publication 26 and subsequent ICRP publications.

The revised standards define effective dose equivalent (H,) as “the sum of the products of
the dose equivalent to the organ or tissue (H,) and the weighting factors (W,) applicable
to each of the body organs or tissues that are irradiated.” The standards include the
table of organ dose weighting factors (W.,) to be used in assessing the effective dose
equivalent. (These organ dose weighting factors are the same as in Table 1 above.)
Presently, use of the weighting factors is restricted to internal doses only. In the
standards a single weighting factor of 1.0 is listed for external exposures of the whole
body.

The "Remainder” category groups the other organs of the body, excluding the skin and the lens of the eye.
The five organs in this category that receive the highest radiation exposure are each assigned a weighting
factor of 0.06. The radiation exposures to the other remainder organs and tissues give rise to trivial risk,
and—by convention—are neglected.

»
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In the Supplementary Information’ issued with the revision to Part 20, the NRC noted
that a number of public comments had been received requesting that licensees be
permitted to use risk-based organ dose factors in assessing the effective dose equivalent
for external exposures. However, at the time of rule issuance, none of the principal
standard-setting organizations had published specific recommendations for the use of
weighting factors for external dose. Therefore, the NRC specified only a single
weighting factor, W, = 1.0, to be used for external doses to the whole body, including
the head, trunk, arms above the elbow, or legs above the knee.

The NRC recognized there were ongoing efforts to develop methods for calculating
specific organ doses from external radiation exposure, and the “practical problems”
that might be associated with such methods. The NRC provided for the use by licensees
of other weighting factors for external exposure, to be approved on a case-by-case basis
upon request to the NRC. This provision is described in footnote 2 to the table of organ
dose weighting factors (W,) in the regulations. This technical guideline, along with the
referenced EPRI technical reports can serve as the basis for obtaining approval from the
NRC for use in demonstrating compliance with 10 CFR Part 20.

In the revised Part 20, NRC established an annual occupational radiation dose limit of 5
rem (0.05 S)) total effective dose equivalent. The total effective dose equivalent (TEDE) is
defined as “the sum of the deep-dose equivalent (for external exposures) and the
committed effective dose equivalent (for internal exposures).” The standards define the
deep-dose equivalent (H,), as “the dose equivalent at a tissue depth of 1 cm (1,000
mg/cmy’).” Further, the revised Part 20 requires that “the assigned deep-dose
equivalent ... must be for the part of the body receiving the highest exposure”
(§20.1201). Consequently, the revised Part 20, does not currently support licensee
implementation of the effective dose equivalent for external exposures.

In response to a proposed rulemaking to Part 20, the Nuclear Energy Institute has
recommended that the NRC revise the definition of total effective dose equivalent with the
objective of facilitating licensee implementation of the effective dose equivalent for
external exposures.

2.3 Research Summary

The paragraphs immediately following briefly summarize the EPRI research. Appendix
1 describes the research in detail. It is important to note that the existing method of
assessing external effective dose equivalent (a single front-worn dosimeter) is adequate
and conservative.
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The research was conducted in two phases. In the first phase, the effective dose
equivalent was calculated for a very large number of beam and point radiation sources
emitting single-energy photons. Three photon energies were used (80 keV, 300 keV,
and 1.0 MeV), a range that spans the energies commonly encountered in nuclear power
plants. Mathematical models (phantoms) of the adult male and female were taken from
the literature. All of the significant organs and tissues are described in these models
and are appropriately assigned as one of three tissue types: bone, lung, or soft tissue.
For each of the individual beam and point sources, a well-known and widely-accepted
Monte Carlo radiation transport code was used to calculate the behavior of individual
photons emitted by that source, and tally energy deposition at numerous places within
the phantoms. From this, the computer code was used to determine the dose deposited
in each organ or tissue, then the organ weighting factors’ were applied to those doses,
and finally the doses were summed to give the external effective dose equivalent (per
unit fluence) for that exposure. Tabular and graphical summaries of EDE were
produced for 1) beams striking the body from any orientation, and 2) point sources on,
and at various distances from, the body (see Appendix 1). These results show how
radiation striking the body from any direction interacts with the body’s organs and
tissues.

The second phase of this study related EDE to dosimetry. Dosimetry is a measure of
total photon energy fluence at a discrete location on the surface of the body.
Accordingly, small, air-filled spheres, each with a radius of 1 cm, were modeled at 480
different locations on the surface of a composite (male/female) phantom. Monte Carlo
simulations using the phantom were done for broad parallel photon beams of various
energies and for isotropic point sources. The code was used to tally the number of
photons incident on or backscattered into each sphere, as well as the path length of each
photon contained within the spherical volume. These results demonstrate how surface
photon energy fluence (which can be correlated to dosimeter response) varies at
different locations on the body for a given exposure. The results are presented in
reference 2 as contour plots of normalized dosimeter response on the surface of the
body. These data were used to determine locations for optimum dosimeter placement.

Some of the organ weighting factors are different for males and females. For a 50% male / 50%
female population the weighting factors reduce to the ICRP values shown in Table 1.
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The research resulted in the following conclusions:

Beam Sources

For equivalent energy fluxes, lower energy photons produce lower effective dose
equivalents. '

Beam:s striking the torso from the front (anterior-posterior or AP) produce the
highest EDE per unit fluence.

Beams striking the torso from the rear (posterior-anterior or PA) produce the second
highest EDE per unit fluence.

Effective dose equivalent decreases significantly as one departs from the AP or PA
orientation.

Females have higher EDE per unit fluence than males for all photon energies and all
beam angles.

Point Sources in Contact With the Torso

For females the highest EDE occurs when the point source is on the front of the torso
near the sternum.

For males the highest EDE occurs when the source is on the front of the torso near
the gonads.

The EDE from a point source on the male gonads is higher than the EDE from an
identical source on the sternum of the female.

For all other point source locations, the female has a higher EDE per unit exposure
than the male.

Point Sources Away From the Torso

Because flux from a point source decreases as the reciprocal of the distance from the
source squared, point sources on the torso expose only those organs and tissues that
are quite close to the source.

Effective dose equivalent drops dramatically for point sources a foot or more away
from the torso, compared to the same sources in contact with the torso.
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Surface Flux Measurements (Dosimeter Simulations)

Isotropic dosimeters that are directly exposed by a beam all read essentially the
same, regardless of their location on the torso. For example, for beams striking the
torso from the front, dosimeters worn on the forehead, thorax, abdomen, or front of
the upper legs, will show essentially the same readings. The small differences in
readings result from variations in photon backscatter. Most backscattered photons
have low energies, meaning their contribution to the dosimeter response is small.

The effective dose equivalent resulting from exposure to an overhead beam (both
near or directly overhead) is much lower than the equivalent AP exposure, due to
self-shielding by the body and other factors. A dosimeter placed on the head
overestimates EDE from a source directly overhead by a factor of three to seven,
depending on photon energy. The same is true of underfoot exposures.

For front, back, or side beam exposures, dosimeters shielded by the body
(shadowed) will under-respond by up to 90% at low energies (80 keV) and 50% at
high energies (1.0 MeV). For beam sources near overhead or near underfoot, the
under-response can be even greater because of the large slant distances through the
body. (An example of a shadowed dosimeter responding to a near overhead beam
source would be a chest-worn dosimeter and a source behind and above the body.)
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EFFECTIVE DOSE EQUIVALENT METHODOLOGY

This section describes methods for accurately assessing external effective dose
equivalent using measurements from either one or two dosimeters worn on the body
(typically attached to the outside of protective clothing). In addition, ways to more
accurately assess EDE and avoid large overestimates from certain single dosimeter
assessments, are discussed.

Dosimetry measurements are complex, and there are many factors related to the
radiation source, dosimeter construction, and dosimeter readout process that can result
in measurement variations and uncertainties. Accordingly, it is appropriate to
understand what constitutes acceptable dosimeter measurement accuracy. The
International Commission on Radiological Protection has recommended’ a factor of 1.5
or less at the 95% confidence level for exposures near the maximum permissible levels
of 50 mSv (5 rem), or a factor of 2 or less at the 95% confidence level when the annual
reported dose is less than 10 mSv (1 rem). Since the vast majority of nuclear power
plant exposures are < 10 mSv, being within a factor of two of the effective dose
equivalent is considered acceptable performance.

3.1 Single Dosimeter EDE Assessments

For routine exposures, dosimeters calibrated for AP exposures and worn on the front of
the body will yield conservative EDE values. By routine exposures we mean those
characteristic of typical power plant work, where a worker is moving relative to a
number of radiation sources, so that photons strike the body from many different
angles. Isotropic or rotational geometries can be used as a model for such exposures.
Isotropic sources are those in which photons appear uniformly from all directions.
Rotational geometry is defined as beams of photons uniformly distributed about all
azimuthal angles. Alternately, rotational geometry can be defined as the dose arising
from a worker rotating at a uniform rate in a beam of photons. As shown in the table
below, EDE is adequately assessed by a single dosimeter worn on the front of the torso,
even though half of the exposure comes from the rear.

3-1



Effective Dose Equivalent Methodology

Table 3-1
Predicted EDE from a Single Front Badge Reading Divided by Actual EDE

Photon Energy

80 keV 300 keV 1 MeV
Rotational 0.87 1.04 1.03

Isotropic 1.06 1.26 1.19

Consider the case in which a worker is exposed to only AP or PA beams. Table 3 shows
the EDE, along with the readings that would be seen for isotropic dosimeters worn on
the front and back.

Table 3-2
EDE and Front and Back Dosimeter Responses for Beam Exposures

80 keV Photons 300 keV Photons 1 MeV Photons
EDE Front Back EDE Front Back EDE Front Back

AP 0.48 0.55 0.06 1.60 2.01 0.51 456 5.58. 230

PA 0.40 0.07 0.53 1.30 0.51 199 405 229 556

By taking simple ratios from the data in Table 3, we see that for the front dosimeter to
under-predict EDE by 30% (a error much less than the factor of two deemed acceptable by
the ICRP) the source would have to come from the rear:

» 46% of the time for 80 keV photons
s 64% of the time for 300 keV photons
» 80% of the time for 1 MeV photons.

These figures are “worst case” scenarios for beams. If the front exposure departs from
AP or the back exposure departs from PA, the fraction of posterior exposure necessary
to lower front badge response to 70% of the true EDE will rise. This is because even
modest departures from AP or PA exposures will greatly decrease EDE. Thus, for
lateral, overhead, or underfoot sources, even more of the exposure would have to be
posterior for the isotropic front-worn badge to under-predict EDE by even 30%.

Since much advance planning goes into work in high radiation fields, radiation
protection personnel are generally in a position to know how a worker will be

3-2



Effective Dose Equivalent Methodology

positioned relative to the radiation sources. If these assessments indicate a highly
dominant PA source, then repositioning the single dosimeter to the worker’s back will
yield an accurate EDE measurement. Otherwise, wearing the dosimeter on the front is
accurate and conservative.

3.2 Two Dosimeter EDE Assessments

Less conservative EDE assessments will be obtained by wearing two dosimeters, one on
the front and one on the back, and applying an algorithm to their readings. For routine
exposures, such use of two dosimeters would typically result in reported doses 10-20%
less than with a single, front-worn badge. This improvement in accuracy via reduced
conservatism may not be justified by the costs of handling and processing extra
dosimeters. However, for high dose or complex exposures, using two dosimeters may
prove cost-effective.

The EPRI research program found that two two-badge algorithms gave satisfactory
EDE assessments:

1. Analgorithm that averages the chest dosimeter and back dosimeter readings.

R +R

Hg = Avg (Rpont + Rppe) = Frent 5 Rk
2. An algorithm that weights the higher reading.
_ Max (R Front °T RBa_c_l_( )+ Avg (Rg e + RBag(_)
B 2

where:
REront = the reading from the front-worn dosimeter
RBack = the reading from the back-worn dosimeter
Avg = the average of the front and back dosimeter readings
Max = the higher of the front or back dosimeter readings.

The algorithm that yields an EDE that is closest to the “true” EDE (as calculated by the
Monte Carlo method) depends upon the exposure conditions. The calculations showed
the weighted algorithm did slightly better with AP or PA exposures. In addition to the
calculations, laboratory and nuclear power plant field experiments were conducted in
which tissue equivalent physical phantoms—imbedded with 50-200 thermoluminescent

3-3



Effective Dose Equivalent Methodology

dosimeter packets—were exposed to various radiation fields. In these experiments, the
averaging algorithm performed slightly better in predicting the measured dose. In
those radiation exposure situations where licensees choose to use two dosimeters,
either algorithm may be used with confidence. Both will yield an effective dose
equivalent that is numerically lower than that yielded by a single dosimeter.

3.3 Adjusted Single Dosimeter EDE Assessments

As stated above, a single dosimeter worn on the front of the body results in generally
conservative measurements of dose. For typical exposures (i.e., other than PA
exposures) such single-dosimeter monitoring will over-estimate EDE by 5-20%,
depending on photon energy and source geometry. Such differences are well within the
errors associated with dosimeter calibration and dose measurement. Accordingly, it is
generally not appropriate to adjust single badge readings to produce less conservative
EDEs.

However, under some exposure circumstances the overestimation can be substantially
larger. For overhead or underfoot sources for example, the front-worn badge over-
predicts EDE by a factor of 2-4. Therefore, there may be circumstances where adjusting
a single badge reading may be appropriate. For example, an adjustment of a single-
badge reading may be appropriate as part of an investigation of an unplanned
exposure, to more accurately assess the significance and consequences. In these
circumstances it is common to reconstruct the event by analyzing the radiation field
and the worker’s movements within the field.

Because the range of potential exposure circumstances is so great, it is impractical to
identify a single-dosimeter correction factor. Nonetheless, corrections can still readily
be made once exposure geometries are reconstructed. If the reconstructed exposure
geometry is anterior (AP beam), posterior (PA beam), or from the side (lateral beam),
then the correction factors can be taken directly from the tables in reference 2
(interpolating as necessary to account for photon energy).

As the radiation incidence angle departs from AP, EDE declines. Commercial
dosimeters are also non-isotropic, that is they show directional dependence. For most
commercial dosimeters, EDE falls more quickly than the badge response, thus the
badge remains conservative. Tables showing the angular response of EDE versus beam
angle’ may be used to correct single badge readings. (It is important to remember that
any corrections made to single badge readings cannot be used in the two-badge
algorithms discussed above; these two-badge algorithms must use uncorrected
readings.)
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EFFECTIVE DOSE EQUIVALENT IMPLEMENTATION
RECOMMENDATIONS

The EPRI research has shown that the current practice of using a single, front-worn
dosimeter for routine power plant exposures is conservative. In addition, the research
has shown that for exposures in which the vast preponderance of photons will strike
the body from either the front hemisphere or the rear hemisphere, accurate EDE can be
assessed simply by placing the dosimeter on the front or the back of the torso. Finally,
the research has shown that even in exposure situations involving highly directional
sources or sources of unknown geometry, two dosimeters (one front-worn and one
back-worn) are all that are needed to accurately assess EDE.

4.1 EDE Implementation Guidelines

Licensees may choose to factor these basic findings into their dosimetry practices. One
way of doing so is presented below. The guidelines below are not intended to be
prescriptive. Each licensee should assess their dosimetry practices against the EPRI
research results, and determine whether revisions are warranted. Licensees should
remain alert for special circumstances—eye exposure, working behind a shadow shield,
etc.—that may justify special dosimetry or special dosimetry placement.

A. For Routine Exposures

(Defined as a radiation exposure situation where a worker is moving relative to a
number of radiation sources, so that photons strike his or her body from many different
angles. These are typical exposures for nuclear power plant work.)

1. Use a single dosimeter worn on the front of the torso. Use the measured radiation
exposure from that dosimeter as the reported effective dose equivalent for the

worker.

2. Two dosimeters (front and back) may be used, though this is not necessary for an
accurate EDE assessment.
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3. Itis not necessary to place many dosimeters on workers or reposition their single
- dosimeter in an attempt to account for non-AP incident radiation.

B. For Predominantly PA Exposures

(Defined as radiation exposure situations where the vast preponderance of the
exposure for a task is expected to come from behind a worker.)

1. Reposition the worker’s single dosimeter to the rear of the torso. Use the measured
radiation exposure from that dosimeter as the reported effective dose equivalent for
the worker.

2. Two dosimeters (front and back) may be used, though this is not necessary for an
accurate EDE assessment.

C. For Exposures that Warrant a More Detailed Assessment of the EDE

(Defined as potentially high-exposure situations, or where the radiation sources’
exposure geometries are complex and the expected worker dose is difficult to estimate,
or where the licensee otherwise chooses to reduce the conservatism in reported
exposures.)

1. Consider using two dosimeters, one worn on the front of the torso and one on the
back.

2. If two dosimeters are used, select one of the two-dosimeter algorithms discussed in
this document and apply it to the two dosimeter readings to calculate the effective
dose equivalent.

3. Itis not necessary to place many dosimeters on workers or to reposition dosimeters
to face known radiation sources.

4. Develop procedures or guidelines for adjusting the measured reading from a single
dosimeter if necessary. Such adjustments should be based on specific characteristics
of the radiation field and exposure reconstruction, and on the effects of the angle of
incident radiation on both the effective dose equivalent and the dosimeter response.
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Abstract — Since January 1994, US nuclear plants have implemented Title of 10 Part 20 of the US Code of Federal Regulations
which adopted the methodology of ICRP 26 for effective dose equivalent (Hg) for intemnally deposited radionuchdes. To provide
general guidance for assessing Hg from extemal photon exposures, a two-phase research programme was performed. This article
presents the results for the second phase — assessment of He using personal dosemeters. By using a Monte Carlo photon transport
code, personal dosimetry was simulated at 480 different locations on the surface of a hermaphroditic phantom. The dosemeter
readings were compared with Hg calculated for a variety of photon sources completed during the first phase of this study. The
data suggest that the current one-badge approach is still valid in assessing H for routine exposure in many radiation fields and
two dosemeters may be used for situations in which the exposure is less uniform. Algorithms to relate dosemeter readings to

Hg are discussed for uniform and non-uniform exposures.

INTRODUCTION

Since January 1994, US nuclear plants have im-
plemented Title of 10 Part 20 of the US Code of Federal
Regulations (10CFR20)" (Standard for Protection
Against' Radiation). The new regulations adopt the
methodology of ICRP 26 for effective dose equivalent
(Hg) from internally deposited radionuclides®. For
exposure to sources outside the body, however, the new
regulations propose an ad hoc extension of the ICRP
26 methodology by defining a new tissue — ‘the whole
body’ — and assigning it a weighting factor of one. To
provide general guidance for assessing He from external
photon exposures, a two-phase research project was
undertaken. Results for the first phase of the research —
calculations of organ doses and Hg for a variety of dif-
ferent exposure geometries — have been published
earlier™. This ariicle presents a brief summary of the
results from the first efforts, followed by a discussion
of the assessment of Hg using personal dosemeters.

SUMMARY OF CALCULATIONS OF ORGAN
DOSES AND H;

During the first phase of this research’® organ doses
and Hg were calculated using the Monte Carlo computer
code MCNP (Monte Carlo Neutron-Photon ) to
simulate photon transport through anthropomorphic

*Current Address: Department of Nuclear Engineering and
Engineering Physics, Rensselaer Polytechnic Institute, N. Bld.,
Tibbits Ave., Troy, New York 12180-3590, USA.
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phantoms (mathematical models of the human body).
In this approach, the human body was mathematically
modelled and the behaviour of a very large number of
incident photons striking the body was calculated. The
mathematical models used were those developed by
Cristy and Eckerman'®, representing a standard adult
male and female. Each phantom consists of three
major sections:

(i) the trunk and arms (represented by an elliptical
cylinder);

(ii) the legs and feet (represented by two truncated
circular cones);

(iii) the head and neck (represented by an elliptical
cylinder capped by half an ellipsoid).

The various organs within these sections were
modelled geometrically and assigned one of three
tissues: skeletal, lung, or soft tissue. The models consist
of a large number of equations, each describing a parti-
cular anatomical feature of the phantom. Additional
details on the phantoms and descriptions of how the
MCOCNP code was run and how the data were processed
are available®.

Results for beam sources

Beams, which irradiate uniformly across the height
of the torso, are commonly encountered radiation
sources that are easy to understand and characterise.
Since all finite sources behave as beam sources as the
distance between the source and the receptor increases.
if beam sources are understood, then we also understand
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the limiting case for all other finite sources. In this
investigation, monoenergetic photons of 0.08, 0.3, and
1.0 MeV were studied. To specify the direction of the
beams, a polar-azimuthal coordinate system was used.
The angles considered in this study were azimuthal
angles at 0°, 45°, 75°, 90°, 105°, 135°, 180°, 225°, 255°,
270°, 285°, 315°, 360°, and polar angles at 0°, 15°, 45°,
90°, 135°, 165°, 180°. This provided sufficient detail so
that simple interpolation through any two adjacent
angles would be equal or less than the 4% error inherent
in the MCNP calculations. Among these beam direc-
tions, parallel beams striking the torso from the front 1o
the back at right angles to the long axis of the body
are termed anterior-posterior beams (abbreviated AP).
Conversely, parallel beams striking the torso from the
back to the front are termed posterior-anterior beams
(abbreviated PA). And beams striking the torso from
either side are termed lateral beams (abbreviated LAT).

Results for beam sources indicate that beams striking
the torso normal to the body’s major axis produce the
largest He. For all photon energies considered, H is
higher for the beams striking the front of the torso than
it is for beams striking the rear of the torso. For the
same beam direction and energy, females are shown to
have higher H, than males. Hp falis dramatically as one
moves from the AP or PA orientations. Although con-
cern has been expressed in the literature about underfoot
and overhead sources, the Hy. drops markedly for these
sources. Questions are often raised as to the adequacy
of radiation workers’ dosimetry, in particular whether
or not their dosimetry is at or near the point of highest
exposure on the torso. Indeed, the US Nuclear Regulat-
ory Commission (USNRC) has levied civil penalties
against some utilities for not having dosemeters at the
point of highest dose'’#. This concern has led 1o the
widespread practice of multi-badging radiation workers
and assigning the highest dose among the multiple dose-
meters as the dose of record'®. The results obtained in
the first phase of the research show that practice to be
overly conservative. As the angle of beam incidence is
changed from AP, He drops dramatically. The drop-off
is often more than the under-response of a dosemeter,
thus dosemeters will not under-predict H, regardless of
the incident photon angles‘'®. Moreover, dosemeters
womn at the points of highest dose on the surface over-
respond, since they are calibrated for AP exposures that
produce the highest effective dose equivalent per unit
fluence. The beam data also demonstrate that dose
assessment methodologies for external photons can be
based on fully developed anthropomorphic phantoms
rather than on the simple slabs, cylinders, or spheres
as is the current practice. This should help end overly
conservative exposure estimates, and begin the process

of assigning radiation doses that realistically estimate

the risk of radiation injury.

The results from the first phase of this reseach allow
understanding of how radiation striking the body from
any direction or distance interacts with various organs
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and tissues. By knowing the mean absorbed dose to ali
the organs and tissues, the weighted dose to the organs
and Hg can be calculated. To make practical use of the
He calculations, however, additional data are needed.
The dose to a worker's organs cannot be monitored
directly, nor can the energy, geomerry, and exposure
times of all the sources be known exactly. Each worker
will only have radiation dose assigned as measured by
the external dosemeters hefshe wears. The challenge is
to relate those few measurements to the actual Hg
received by the worker with some degree of confidence.
One should note that the quantity measured by a dose-
meter differs from Hg on which regulatory limits are
based. Knowing that the response of personal dose-
meters is influenced by, among other factors, the
positioning of dosemeter and orientation of the body in
the radiation field (e.g. a dosemeter may be shielded
by the body and, therefore, does not directly register
radiations from the source), the task of relating dose-
meter indications to Hg is not trivial. Analysis of some
of the problems in assessing effective dose equivalent
from dosemeter readings have been published pre-
viously. A partial review is given in NCRP Publication
129", The first step to relate dosemeter readings to Hg
is determining how dosemeter readings vary as a func-
tion of location on the surface of the body for various
exposure geometries.

PERSONAL DOSEMETER SIMULATIONS -

A personal dosemeter carried by an individual pro-
vides a reading that, with proper calibration, is used as
the dose of record for the wearer. One of the goals in
this research was to study the effects of dosemeter pos-
ition on the body on dosemeter response as a function
of photon energy. The results of this study help provide
a basis for the development of algorithms that can be
used to interpret dosemeter readings to assess Hg. To
investigate the effect of dosemeter placement, personal
dosemeters were simulated at 480 locations over the sur-
face of the phantom. A simplified adult hermaphroditic
phantomn which has only the skeleton, tissue, and lungs,
was adequate since dose to organs was not needed for
this part of the study.

In general, dosemeter readings can be related directly
1o photon energy fluences at the surface of the phantom
including the incident and scattered photons at the inter-
face between the phantom and the surrounding air. To
simulate radiation transport through a dosemeter, the
size, geometric shape, and material of the dosemeter
need to be considered. Many researchers have simulated
radiation response of dosemeters using Monte Carlo
computer codes'*'* Usually, a dosemeter was mod-
elled using tissue-equivalent material and a simple
shape such as a sphere or a cube. Unfortunately, only
one or a few dosemeter positions can be considered by
this method and many histories must be calculated
because of the small target size a dosemeter presents.
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Dosemeter simulations were performed differently in
our study. Small air-filled spheres, each with a radius
of 1 cm, were defined at 480 locations on the surface of
the phantom including the head, torso, left upper leg,
and right upper leg. The Cristy-Eckerman phantoms, by
convention, express position along the long axis of the
body as Z-axis values, with the juncture of the torso and
legs of the phantom being where Z =0 cm. The Z-axis
values for each portion of the phantom are as follows:

head: Z = 71 t0 91 cm
torso: Z =1 to 66 cm
upper legs: Z = —49 to —4 cm.

Figure 1 shows the cross sections of these air spheres
on the surface of the torso at height Z =41 cm (the chest
region of the phantom). Dosemeter locations are close
enough together that dosemeter responses can be plotted
on the phantom’s surface using contour lines. A com-
plete list of all the dosemeter locations can be found in
Xu‘®, These positions were selected not only to account
for the most common dosemeter positions found in reg-
ular operations, but also in special operations during
which dosemeters may be placed on top of the head, on
the upper legs, or on the back of the body*.

Because MCNP allows only 100 tallies in each calcu-
lation, five separate computer runs were needed to com-
plete the ‘mapping’ of the total 480 dosemeter positions
for a given irradiation geometry and energy. Further-
more, due to the small volume of the air-filled spheres,
each computer run to calculate dosemeter readings took
longer than for the corresponding He calculations for the
same statistical uncertainty. For the dosemeter response
computer runs, photon transport and energy depositions
in the air-filled spheres were tallied in MCNP and the

Figure 1. Cross section of phantom at Z = 41 cm showing smail
aic spheres on the surface of the phantom to simulate
dosemeters.

energy fluences were calculated by track length esti-
mates for each sphere. These track length estimates are
quite reliable because there are usually many tracks in
each sphere. The contribution from many separate
tracks to the tally reduces the statistical uncertainty
compared to other direct emergy deposition tally
methods. Photon energy fluences at each energy were
multiplied by mass energy absorption coefficients for
dosemeter materials of interest to find dosemeter read-
ings. That is, assuming charged particle equilibfium
(CPE) exists, absorbed dose, D, to a small volume will
be equal to the collision kerma, K., which is related 1o
energy fluence Wg by the mass energy absorption coef-
ficient, p../p, i.e.!'¥

CPE Em
D = K‘=J

E=Q

” WE(E)(ﬁ)dE

p
where, the CPE above the equality sign emphasises its
dependence upon that condition, Wg(E) is the differen-
tial distribution of photon energy fiuence, ., is the
linear energy absorption coefficient which is character-
istic of the photon energy E and the atomic number Z
of the physical dosemeter material, and p is the density.
E,., is the maximum photon energy, equal to the photon
source energy.

Collision kerma calculated in this way would equal
the dose in (or reading from) a real dosemeter worn at
the same location on the body, provided that CPE or
transient charged particle equilibrium (TCPE) exists and
the attenuation by the dosemeter capsule is negligibly
small. CPE or TCPE is achieved in dosimetry packages
by using build-up material of appropriate thickness. For
simplicity, the term ‘dosemeter reading’ will be used
hereafter, rather than collision kerma or dosemeter
response.

In MCNP, energy fluences within each air-filled
sphere were calculated with energy bins having upper
limits of 0.01, 0.02, 0.03, 0.04, 0.05, 0.06. 0.08, 0.10,
0.15, 0.20, 0.30, 0.40, 0.50, 0.60, 0.80, 1.0 MeV. The
integration in Equation 1 was carried out by summing
over each term associated with these energy bins. Post-
processing codes were developed to extract energy
fluence data from each run and mass energy absorption
coefficients for different materials (provided by
Hubbell*® and tabulated by Attix'*) were multiplied
by the photon energy fluence in the energy bin.

This approach of using air-filled spheres to calculate
energy fluences and then multiplying the energy flu-
ences by the mass energy absorption coefficients to find
dosemeter readings has several advantages over direct
simulation of a dosemeter:

M

(1) More than one dosemeter material can be con-
sidered easily. The dosemeter material in which
we were most interested was the ICRU tissue-
equivalent material*'®. Other materials, such as LiF,
were also considered for comparison.

{2) A large number of dosemeter locations can be
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studied in the same MCNP run without the photon
field being disrupted by the other dosemeters.

(3) The details of an actual dosemeter's construction
can be neglected if TCPE is achieved.

Broad parallel photon beams was the first geometry
used with the simplified mathematical phantom and the
small air-filled spherical dosemeters. For photon beam
sources, irradiation geometries AP, PA, LAT, overhead,
and underfoot were selected to calculate surface energy
fiuences and dosemeter readings to study the effect of
dosemeter position and to test algorithms designed to
evaluate He. Our earlier' results show that these geo-
metries bound many exposure situations encountered in
the workplace. Another geometry with photon beams
incident from 45° azimuthal and 45° polar angles was
used to represent a more or less arbitrary exposure geo-
metry. The geometries studied for dosemeter positioning
and algorithm development are only a fraction of the
geometries used for He calculations. Nonetheless, the
data are sufficient to be applicable to general cases.
Because the relationships between Hp and source
geometry are well understood, only a few representative
geometries are necessary to establish general cases.

Results for dosemeter positioning studies

As with phase | of this effort, monoenergetic photons
of 0.08, 0.3, and 1.0 MeV were used in this study. The
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Figure 2. Contour plot for normalised dosemeter response

exposed to 0.08 MeV AP beam source for different dosemeter

locations on the head, torso, and upper legs. Reference value,
0.55 x 107'2,

large number of dosemeters, variety of photon energies,
and numerous geometries involved make the results for
dosemeter simulations unwieldy to present in tabular
form. Whole-body contour plots illustrate more ef-
ficiently how dosemeter position on the body influ-
ences the reading. Figures 2 through 9 are contour plots
for dosemeter readings for different source geometries
and energies. Smooth contour lines were drawn among
data obtained at the 480 different dosemeter positions
on the surface of the body using spline interpolations
among the data points. On each plot, the phantom
surface is divided into four different portions: head,
torso, upper left leg, and upper right leg. Each portion
is cut from the back and flattened to show, in a two-
dimensional area, the dosemeter reading as function of
location. Each location on the phantom is defined by
height along the Z axis and distance around the body
horizontally (starting at the back, continuing along the
right side to the front, and continuing around the left
side and terminating at the back). Minor distortions are
allowed in drawing the horizontal axis in terms of rela-
tive locations such as, ‘back’, ‘right’, ‘front’ and ‘left’,
particularly for legs which were defined as cones in the
phantoms but treated as cylinders when plotting. The
dosemeter ' reading located at centre-of-chest < =
41 cm) was used to normalise the results. This reference
value is given in the caption of each plot in the units of
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Figure 3. Contour plots for normalised dosemeter response

exposed 1o 0.30 MeV AP beam source for different dosemeter

locations on the head, torso. and upper legs. Reference value,
2.01 x 1072,
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Sv per photon fluence (Sv.cm™?). The data shown by
the contour lines are the relative to the reference dose-
meter. The absolute dosemeter readings can be found
by multiplying these relative readings by the reference
dosemeter reading.

Parallel phoron beam exposure — AP

Results for this source geometry are shown in Figures
2, 3, and 4, for 0.08, 0.3, and 1.0 MeV photons, respect-
ively. For this geometry, the dosemeter readings for
dosemeters facing the radiation source (those dosemet-
ers that are located in region marked from ‘right’ to
‘front” and then to ‘left’) range from 0.85 1o 1, from
0.88 to 1, and from 0.92 to 1, for 0.08, 0.3, and 1.0 MeV
photon beams, respectively. For dosemeters located near
the centre of the chest area, dosemeter readings are all
nearly equal; they differ little from the reference dose-
meter. Since the incident fluence is the same for all
dosemeters placed on the front side of the body for AP
exposures, the differences in dosemeter readings arise
solely from different backscattered fluence contributions
at each location on the surface of the body. Most of the
backscattered photons are low energy and their contri-
bution to dosemeter reading is small. Our results suggest
that for whole-body AP exposure. perhaps the most
common exposure encountered in the workplace, a spe-
cific requirement on dosemeter location is not necessary,
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Figure 4. Contour plot for normalised dosemeter response

exposed 10 1.0 MeV AP beam source for different dosemeter

iocations on the head. torso, and upper legs. Reference value,
5.58 x 1072,

provided that the dosemeter is directly exposed to the
source. For the AP geometry, and other nearly AP geo-
metries, dosemeters worn on the forehead, or thorax, or
abdomen, or front side of the upper legs, will have

almost the same readings.

However, dosemeters worn on the back of the torso
are shielded by the body for AP exposure geometry.
Located within the regions from ‘back’ to ‘right’ and
from ‘left” to ‘back” in Figures 2, 3, and 4, these dose-
meters show larger variations in reading among them-
selves depending on the photon source energy and the
specific location on the back. The relative readings for
these dosemeters range from approximately 0.1 to 0.75,
from 0.25 to 0.8, and from 0.45 to 0.85, for 0.08, 0.3,
and 1.0 MeV photon beams, respectively. As is evident
from these contour plots, the large variations in response
among these dosemeters are caused by the differing den-
sities of body components. Tissues, such as the lungs,
atiow more photons to penetrate the body, while bones
cause the photons to be attenuated and backscattered. As

* would be expected, the maximum difference in response

among these dosemeters is greater for less penetrating
photon beams.

Because of the attenuation in the body, dosemeter
readings on the back of the torso are smaller than those
placed on the front of the body for AP geometry. The
relative dosemeter readings for a dosemeter located on
the back of the body at a height Z=41 cm to that for
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Figure 5. Contour plot for normalised dosemeter response

exposed to 0.08 MeV PA beam source for different dosemeter

locations on the head, torso. and upper legs. Reference value,
0.68 x 10712
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a dosemeter located on the front at the same height is
about 10% for 0.08 MeV, 25% for 0.3 MeV, and 40%
for 1.0 MeV photon beams. Nevertheless, dosemeters
shielded by the body still indicate, to some degree, the
radiation to which the body is exposed. These results
can help to understand personal monitoring results for
situations when the exposure geometry is unknown.

Parallel photon beam exposure — PA

Dosemeter readings for PA geometry are presented
in Figure 5 for 0.08 MeV photons (results for 0.3 and
1.0 MeV photons are not shown here to save space but
can be found in Reference 6). The values of the contour
lines on the back are greater than 1 because dosemeter
readings are normalised to the dosemeter on the front
of the chest, which is shielded by the body in this
geometry. Allowing for this difference, PA geometry
produces results similar to the AP geometry, i.e. dose-
meters on the back have similar responses for radiation
incident from the rear half of the body, and, therefore,
no specific requirement on dosemeter positioning is
necessary. Dosemeters on the front of the torso, shielded
by the body. show large variations, as with posterior
dosemeters under AP geometry.

Parallel photon beam exposure — LAT

Figure 6 shows results for 0.08 MeV photon beams
for LAT geometry — exposure to broad parallel beams
incident from either side of the body (for Figure 6 the
beam is from the right side). Located within the region
from ‘back’ to ‘right’ then to ‘“front” in these plots, dose-
meters exposed 10 laterally incident radiation show very
uniform responses, ranging from approximately 0.9 to
1.1 for all energies considered. Some dosemeters have
readings greater than ! compared to the reference dose-
meter because of backscatter contributions. Backscatter
contributions can be large for this geometry, especially
for low energy photons.

The LAT exposure geometry is interesting to study
because dosemeters worn in front of the body are
exposed to radiation from large irradiation angles (90°
from AP geometry). Traditionally, an ideal dosemeter
was supposed to have an isotropic angular response,
and, in this study, the dosemeters have exactly this
response. Dosemeters having an isotropic angular
response and not shielded by the body will respond
theoretically in the same way for LAT geometry as for
AP geometry considering only primary photons. How-
ever, for reference dosemeters (located at the chest's
centre), the ratios of absolute dosemeter readings for
LAT geometry to the readings for AP geometry are
0.80, 0.95, and 1.06, for 0.08, 0.3, and 1.0 MeV photon
beams, respectively. Investigation of these differences
revealed that backscatter contributions to a given dose-
meter can play a role in the dosemeter's overall
response. Compton scattering causes higher energy pho-
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tons to be scattered more into the forward direction
while lower energy photons are scattered more uni-
formly in all directions. For 1 MeV photons, the ratio
is greater than 1 because the scatter contribution to the
reference dosemeter is greater for lateral exposures, in
which the interacting photons are scattered preferen-
tially toward the reference dosemeter, than for AP
exposures in which the scattered photons are scattered
away from the reference dosemeter. For low energy
photons, the scattering is more uniform and for lateral
exposure the interacting photons are generally further
from the reference dosemeter and absorbed by the body.

Compared to these small differences, however, our
earlier results'® showed that H for LAT geometry was
about 30% to 50% of that for the AP geometry for the
same beam fluence, depending on photon energy.
Because many of the critical organs and tissues used to
calculate Hg are sitnated deep within the body, dose He
is significantly influenced by attenuation from interven-
ing body tissues when radiation is incident from either
side of the body. The dosemeter results here, however,
show that the front dosemeters respond essentially the
same as dosemeters under AP geometry. Thus, an iso-
tropic dosemeter calibrated with AP exposures over-
estimates He for LAT exposures by a factor of 2 to 3
depending on photon energy.
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Parallel photon beam exposure — overhead

Figure 7 illustrates results for calculation using
0.08 MeV overhead photon beams. Dosemeter readings
are uniform for dosemeters located on the head and
torso; the maximum difference is about 20%, 15%, and
8% for 0.08, 0.3, and 1.0 MeV photon beams, respect-
ively. Backscatter from the skull likely causes dosemet-
ers on the head to have slightly higher responses than
the ones on the torso. Dosemeters on the legs are par-
tially or completely shielded by the body depending on
their distance from the tops of the leg. Depending on
the degree of shielding by the body, dosemeters on the
legs have relative readings from about 0.5 to almost
zero. Earlier results*> indicate that the Hg from the over-
head geometry is about 20% to 33% of that for AP
geometry depending on photon energy, due to signifi-
cant attenuation by outscatter from the upper torso.
However, as with LAT geometry, dosemeters exposed
by overhead beams show no significant differences in
readings from those for the AP geometry. A dosemeter
with isotropic angular response placed above the legs
would overestimate Hg from overhead by a factor of 3
to 5 depending on photon energy.
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Figure 7. Contour plot for normalised dosemeter response

exposed to 0.08 MeV overhead beam source for different dose-

meter locations on the head. torso, and upper legs. Reference
value, 0.345 x 10732

Parallel photon beam exposure — underfoot

Results are shown in Figure 8 for exposures from a
0.08 MeV photon beam source below the foot. In this
case, dosemeters on the legs and on the torso show
fairly uniform readings, ranging from about 0.8 to 1.2
for 0.08 MeV photons and from about 0.9 to'1.1 for
1.0 MeV photons. Dosemeters located on the head are
shielded by the torso and show much smaller readings.
Considering that He for underfoot exposures is about
a third of that for the AP exposure'®, the chest-worn
dosemeter with isotropic response overestimates Hg by
a factor of about 3. ‘

Paraliel photon beam exposure — arbitrary

An arbitrary irradiation geometry was modelled by
beams incident on the torso having polar angle and azi-
muthal angles both equal to 45°. This geometry may
provide an average response for exposure to parallel
photon beams incident from the front half plane of the
body. Figure 9 shows the dosemeter reading contour
plot for 0.08 MeV photon beams. As with the other
exposure geometries discussed before, dosemeters
located on the front of the body, and thus directly
exposed by the primary photon beam, show responses
within about 10% of each other.

Dosemeters that are shielded by the body from this
‘double slant’ beam show more complicated variations
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Figure 8. Contour plot for normalised dosemeter response

exposed to 0.08 MeV underfoot beam source for different dose-

meter locations on the head, torso, and upper legs. Reference
value, 0.335 x 107!
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in readings than those noted in the perpendicularly inci-
dent geometries. However, inspection of these contour
plots relative to the incident photon direction suggests
that the variations in response by these dosemeters can
be explained by considering attenuation and backscatter.
The dosemeter reading for a dosemeter at the centre-of-
the-back (Z=41 cm)}is 5%, 16%, and 33% of the values
of a dosemeter placed at the centre-of-the-chest, for
0.08, 0.3, and 1.0 MeV photon beams, respectively.

Conclusions on dosemeter positioning

Dosemeter responses for the AP, PA, LAT, overhead,
underfoot, and arbitrary exposure geometries provide
enough data to draw some general conclusions:

(1) Location of a dosemeter on the body has little
influence on dosemeter reading, provided that the
dosemeter is directly exposed to primary radiation.

(2) Hg may be underestimated by a dosemeter that is
shielded by the body by as much as 90% depending
on the photon energy. An additional dosemeter may
be needed to avoid underestimate of Hg.

Strictly, the above conclusions apply only to whole-
body exposures to broad parallel photon beams. This
source geometry is a common exposure scenario
encountered in the workplace. In fact, any source
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Figure 9. Contour plot for normalised dosemeter response

exposed to 0.08 MeV arbitrary beam source (A =45° and P =

45°) for different dosemeter locations on the head, torso, and
upper legs. Reference value, 0.51 x 107'2
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located reasonably far from the body may be treated as a

‘broad parallel beam geometry. Furthermore, preliminary

results from ongoing research indicate that these con-
clusions, not surprisingly, can also be applied to any
large plane source such as a contaminated floor or wall.
There are also cases in which dose quantities such as
skin dose or extremity dose become more limiting than
whole body dose, He. Examples of such exposures are:
point sources in contact with the skin or body clothing,
and small sources held in the hand. A detailed dis-
cussion on these issues is beyond this paper’s scope and
interested readers are directed 10 other literature!'’-',

ALGORITHMS FOR PREDICTING Hy FROM
DOSEMETER READINGS

In this section, dosemeter readings are compared with
the comesponding Hg received by a hermaphroditic
phantom. Three simple algorithms to relate dosemeter
readings to Hg are developed and the relationships
between assessed Hg from the dosemeter reading and
actual Hg are presented. Table 1 lists ratios of dosemeter
response to Hg received by a hermaphroditic phantom
wearing the dosemeters. Rg is the response of the dose-
meter placed on the centre of the chest and Ry is the
response of the dosemeter placed on the centre of the
back, both with respect to actual Hg. The three algor-
ithms to assess Hg are as follows.

(1) Algorithm 1 (A1) uses Ry, the reading from a dose-
meter that is placed on the chest, to estimate the
He. This algorithm is comparable to the ‘one badge’
practice that is widely used in the nuclear industry
for protection against penetrating radiation. For Al,
He =R, where Hg is the assessed effective dose

*equivalent and R, is the reading of the dosemeter
on the front of the body.

(2) Algorithm 2 (A2) uses the average of readings from
two dosemeters worn on the front of the body and
one worn on the back. For A2, Hg = Avg (Rg; Rp)
= (Rg + Rg)2.

(3) Algorithm 3 (A3) uses two dosemeter readings but
weights the highest reading. For A3, Hg = [Max(Rg;
Rg) + Avg(Rg: Rp))/2, where Max(Rg; Rg) stands
for the greatest value of R and Rg.

The ability of these algorithms to predict Hg from
dosemeter readings is summarised in Table 2. Ratios of
Hi, to the actual Hg received, according to calculations
with a hermaphroditic phantom, are given for the selec-
ted exposure geometries and photon energies. Hg is, in
fact, the gender-averaged effective dose equivalent. The
tabulated data on gender-specific Hy and the formula for
calculating averaged H,, were presented earlier™.

Algorithm 1

The widespread practice of monitoring with a single
dosemeter is perhaps a natural starting point for
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algorithm evaluation. The evaluation of this algorithm
is discussed for each exposure geometry.

Puarallel photon beam exposure — AP

As seen in Table 2, for AP geometry, perhaps the
most common source geometry, the use of Al will yield
a ratio of Hy/Hg equal to 1.23, 1.25, and 1.14 for 1.0,
0.3, and 0.08 MeV photons, respectively. In other
words, if a worker always faces a photon beam source,
then a single dosemeter located on the front of the torso
(between the chest and waist) will always slightly over-
estimate Hg (within 25%), using the dosemeter reading
directly as Hg. For AP exposure geometry, Al also
gives very consistent results for ail energies. Thus Hg
can be assessed with confidence for a wide range of
energy spectra.

Parallel photon beam exposure — PA

For PA exposure, Table 2 shows that Al underesti-
mates He by about 44%, 61%, and 83% for 1.0, 0.3,

and (.08 MeV photons, respectively. In general, un-
folding the radiation direction by evaluating dosemeter
readings is almost impossible, even with dosemeters
using sophisticated attenuator arrangements. Thus, Al
is generally not satisfactory when the worker is exposed
to the source solely from the back. The chance for a
radiation worker to be exposed solely by a posterior
source is less than for exposure solely from the front
because workers tend to face the radiation source during
routine work. For known PA exposure, however, Al
could be corrected by a factor based on the numbers
given in Table 2 to estimate Hg if the photon energy
were known.

Parallel photon beam exposure — LAT

Like the PA geometry, LAT is not as common an
exposure geometry as AP geometry. However, LAT
geometry is interesting because the beams are incident
on both the body and the chest dosemeter at very large
angles (about 90° from normal to the dosemeter face).
As shown earlier, Hg for LAT geometry is about 48%,

Table 1. Ratio of the reading from a dosemeter placed in the front or on the back of the body, Re.qn OF Rpga, to the
actual effective dose equivalent received by a hermaphroditic individual, Hg, for different irradiation geometries and
photon energies.

Source type Source geometries 1.0 MeV 0.3 MeV 0.08 MeV
RFvommE RBack/HE Rme/HE RB:ck,HE RantlHE RBack,HE

AP 1.23 045 1.25 0.32 1.14 0.12
PA 0.56 1.37 0.39 1.54 0.17 1.34
LAT 1.76 1.81 2.10 2.1 1.82 1.85

Parallel beams Overhead™ 2.04 202 2.49 244 225 2.22
Underfoot 3.35 332 3.66 3.59 3.61 3.53
Arbitrary™ 1.49 0.50 171 0.27 1.64 0.08

“Overhead beam source is achieved by averaging over beams incident from polar angles within polar angle of 15°.
@ Arbitrary geometry is achieved by beams incident from both azimuthal and polar angles equal to 45°.

Table 2. Hz/H,, ratio of the assessed effective dose equivalent™, Hg, to the actual effective dose equivalent received by a
hermaphroditic individual, H,, for different exposure geometries and photon energies.

Source type Source geometry 1.0 MeV 0.3 MeV 0.08 MeV
Al A2 A3 Al A2 A3 Al A2 A3
AP 1.23 0.87 1.05 1.25 0.79 1.02 114 063 0.89
PA 0.56 0.97 1.17 0.39 0.96 1.25 0.17 0.76 1.05
LAT 1.76 1.79 1.80 2.10 2.1 2.1t 1.82 1.83 1.84
Parallel beams 3 e rhead 204 203 204 249 247 248 225 224 224
Underfoot 3.35 333 334 3.66 3.64 3.65 361 3.57 3.60
Arbitrary®’ 1.49 0.99 1.24 1.71 0.9% 1.35 1.64 0.86 .25

@For Al, HE = Rerne For A2, Hg = AvZ. (Rean: Reua)- For A3, He = [Max. (Reont Raaad + AVE. (Reqad Reaa)lV2.
™Overhead beam source is achieved by averaging over beams incident from polar angles within polar angle of 15°.
I Arbitrary geometry is achieved by beams incident from both azimuthal and polar angles equal to 45°,
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57%, and 71% of that for AP geometry for 0.08, 0.3,
and 1.0 MeV photons, respectively. Dosemeters with
isotropic responses will obviously overestimate H by
up to a factor of 2 in LAT geometry. Table 2 indicates
that Al, indeed, gives a Hi/H; ratio of 1.76, 2.1, and
1.82 for 1.0, 0.3, and 0.08 MeV photons, respectively.
The response of a commercial dosemeter, however, is
not strictly isotropic and may be smaller at large angles.
For LAT geometry, Al consistently overestimates Hg
by almost a factor of 2, assuming isotropic angular
responses. More accurate assessments of Hg could be
achieved by requiring proper angular response functions
in dosemeter design and calibration®®,

Puarallel photon beam exposure — overhead

An example of overhead geometry could be a worker
in a steam generator channel head plugging tubes in the
tube sheet during an outage. For this exposure geometry,
the US worker is required to wear dosemeters on the
head and elsewhere on the torso in order to report the
highest dose as the dose of record‘” . Table 2 shows
that Al (using a single dosemeter at chest area) already
consistently overestimates the Hg for this exposure
geometry; the ratio, HY/Hg, is 2.04, 2.49, and 2.25 for
1.0. 0.3, and 0.08 MeV photons, respectively. The over-
head source geometry presented in Table 2 is the aver-
age of beams incident from polar angles between 0° and
15° to allow for slightly different orientations of the
body under this exposure geometry. Again, an isotropic
angular response of the dosemeter was used in the cal-
culations. Clearly, the requirement by USNRC to report
the highest dose anywhere on the torso is overly con-
servative and produces 1o a poor estimate of risk from
this exposure geometry.

Parallel photon beam exposure — underfoot

Underfoot beam exposures could arise when workers
are exposed to a contamination source on the floor suf-
ficiently below the body. The photons from a point
source on the floor are sufficiently parallel by the time
they reach the torso that underfoot beam conditions
apply with little error. Table 2 indicates that the HYH,
ratio is 3.35, 3.66, and 3.61 for 1.0, 0.3, and 0.08 MeV
photons, respectively, when Al is used. These con-
sistent overestimates are as expected for dosemeters
with isotropic response, because Hg for underfoot beam
sources is about 30% of that for AP geomeiry but the
dosemeter response does not change significantly
between AP and underfoot geometries.

Furallel photon beam exposure — arbitrary

For ‘arbitrary” irradiation geometry with beams inci-
dent on the torso with polar and azimuthal angles both
sel to 45°, the Hy/H; ratio is higher than those for AP
geometry for the same photon energy. This means that,
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for beams incident from the front but not the AP
geometry, the Hj is overestimated even more than for
AP geometry. This phenomena arises because Hg
decreases rapidly as the beam departs from AP
geometry within the front half plane, but isotropic dose-
meter readings change little with beam angle. A1 always
overpredicts Hg for all frontally incident photon beams.

In summary, for all exposures considered, Al is con-
sistently conservative in assessing Hg, except for PA for
which the front-worn dosemeter is shielded by the body.
It may not be possible to avoid a dosemeter being
shielded by the body (or to correct readings from such
a dosemeter), especially when the radiation sources are
not identifiable, or a worker is changing orientation in
the radiation field, or other factors. Fortunately, in the
workplace, the overestimates of Hg for other exposure
geometries are generally greater than the underestimate
for PA geometry, and the overall assessed Hg (e.g. the
average of all exposures) is usually still conservative.
The data suggest that the practice of using a single
badge for personal monitoring is generally satisfactory
for routine exposures.

To avoid underestimation from a dosemeter being
shielded by the body, two dosemeters could be used,
one on the front of the body and another one on the
back. This two-dosemeter approach ensures that there is
at least one dosemeter which is not shielded by the body
at all times. Algorithms 2 and 3, based on two dosemet-
ers, are discussed next.

Algorithm 2

Algorithm 2 (A2) assumes two isotropic dosemeters,
one worn on the front of the body and one on the back.
For A2, the assessed effective dose equivalent is given
by' the average of readings from these two dosemeters,
ie. Hi = (Ry + Rp)/2. As shown in Table 2, A2 com-
pletely avoids the underestimate of Hg by A1 when used
for PA beam geometry. A2 also improves the precision
of the results for certain geometries (e.g. for the arbi-
trary geometry). However, A2 underestimates for the
AP beam geometry for all photon energies. Neverthe-
less, the underestimation is still well within the allowed
range of accuracy (a factor of 1.5) recommended by the
ICRP". This algorithm does not significantly change
the results for LAT, overhead, and underfoot geometries
for which the two dosemeters with isotropic angular
responses show similar readings.

Algorithm 3

Algorithm 3 (A3) uses the same two dosemeter read-
ings as A2, but weights the higher reading dosemeter
more. The assessed effective dose equivalent is given
by: Hg = [Max (Ry; Rg) + Ave (Rg; Ry)l/2. where Max
(Ry; Rp) stands for the higher value of R, and R,,. This
expression reduces to Hg = [0.75 Max (Rg: Rp) + 0.25
Min(R;; Ry)]. Obviously, A3 produces more conserva-
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tive results overall than those obtained using A2; the
ratio, Hi/Hg is, at worst, only slightly smaller than unity
(i.e. underpredicts Hg) for all exposure geometries and
photon energies.

Recommendations on the use of algorithms

In routine operations, most workers are likely to face
the radiation source and Al produces satisfactory
assessment of Hg. The current single-badge approach is,
therefore, acceptable for routine use. For Al, the dose-
meter can be worn either in the chest area or at the
waist level.

For special circumstances involving multidirectional
exposures, nuclear power plants are already providing
special dosemeters, and the evaluation of the A2 and
A3 shows that, for whole-body exposure (as opposed to
part-body exposure), only two dosemeters are needed,
with a proper algorithm, to assess Hg satisfactorily. No
placement requirements are necessary, except that one
dosemeter should be placed on the front of the body and
another is placed on the back of the body. The use of
A2 and A3 does not require significant modification to
current dosimetry practices. If these algorithms are
accepted by the USNRC, nuclear plants may be able
to save money and manpower, yet provide satisfactory
assessment of Hg for their work force.

Very accurate assessments of Hg can be achieved
using the tabulated photon-fluence-to-Hg conversion
factors published earlier directly for known beam and
point sources'®. For interpreting dosemeter readings,
one should remember that the dosemeter readings calcu-
lated in this study are only an indication of the readings
from a commercially available dosemeter which was
assumed to be made from or calibrated to tissue-equival-
ent material. Also, the angular dependerce and attenu-
ation by the dosemeter capsule were not considered.
Thus, the values given in the Table 2 may not be
directly applicable for converting dosemeter readings
into Hg. In practice, calibrations are required to take into
account the configuration, material, and angular depen-
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